Recent efforts to estimate the index of dispersion [R(t)] of molecular evolutioni.e., the ratio of the variance in the number of substitutions on a lineage to the mean number-have suffered from an inability to adjust the data for lineage effects. These effects may include the generation-time dependency of the rate of evolution or improper assumptions about the branching pattern of a phylogenetic tree. In the present paper a method for correcting for lineage effects in the estimation of R(t) is presented for trees made up of three species. The recent data published by Li et al. for 20 loci in three orders of mammals is examined, and the average R(t), corrected for lineage effects, is shown to be 7.75 for replacement substitutions and 3.3 for silent substitutions. Thus the high values reported earlier may not be dismissed as due to generation-time effects or improper assumptions about phylogenies. Computer simulations are presented to give confidence in the estimate for replacement substitutions but also to demonstrate that the estimate for silent substitutions is sensitive to corrections for multiple substitutions and is not as reliable. This work's implications for our understanding of the mechanism of molecular evolution are discussed, and the arguments in favor of the hypothesis that replacement substitutions are mostly selected while silent substitutions are mostly neutral is presented.
Introduction
In the 1970s a number of papers showed that the variance in the number of nucleotide or amino acid substitutions on a lineage is approximately 2.5 times the mean (e.g., see Ohta and Kimura 197 1; Langley and Fitch 1973, 1974) . The ratio of the variance to the mean is commonly called the index of dispersion and is frequently written as R(t) in the molecular evolution literature. As more sequence data have become available over the past few years, the number of published estimates of R( t) has grown (Kimura 1983 (Kimura , 1987 Gillespie 1986a . These studies indicate that the range of R(t) is quite large, the record being the number for mitochondrial cytochrome oxidase II replacement substitutions, for which R(t) = 35 (Gillespie 1986 c). For those interested in mechanisms of molecular evolution, estimates of R( t) are of central importance.
The neutral allele theory, for example, predicts that R(t) should be very close to one (Gillespie and Langley 1979) . The large values of R(t) that are being reported call into question the validity of this theory.
The problems that this presents for the neutral theory could be resolved if it turned out either that the estimation procedures were somehow biased toward large values of R(t) or that the null hypothesis that R(t) = 1 under the neutral theory is not appropriate in the experimental setting in which it is applied. Both of these possibilities are realistic. The first would occur if, for example, the assumptions about the evolutionary history of the species under study were incorrect. Most of the recent work on the estimation of R( t) assumes that the species concerned come from a star phylogeny. A star phylogeny is one where a radiation occurs in a period of time that is short relative to the time from the present back to the radiation. For these phylogenies, Kimura ( 1983) has introduced an elegant method for estimating R(t). Kimura's method is most commonly applied to species representing different orders of mammals, under the assumption that the mammalian radiation is a reasonable approximation to a star phylogeny. However, since the fossil record at the time of the mammalian radiation is meager, it is quite possible that the radiation is far enough from a star phylogeny that the estimates of R( t) are artificially high. In fact, Easteal ( 1988) has recently made exactly this argument, concluding that the variance in evolutionary rates is not significantly larger than the mean when the proper (nonstar) phylogeny is used.
The other possibility, that R(t) = 1 is an inappropriate neutral null hypothesis, is also reasonable. The neutral prediction that R(t) = 1 is valid only if certain parameters remain constant throughout the evolutionary history of the locus on the lineages of the species under study. This assumption would be violated if, for example, different orders of mammals had different average generation times from the time of the mammalian radiation until the present. (Note that for this to be true the neutral model employed must be one in which the mutation rate is not directly proportional to the generation time.) Thus, even though the true phylogeny might be a star phylogeny, the difference in generation times on different lineages would elevate the estimates of R(t) even if the neutral theory were in effect.
Both of these possibilities may be lumped under the term lineage eficts. Whether the lineage effects are due to the length of the lineage or to the generation-time dependence of neutral evolution is immaterial.
If they are there, then the claim that high values of R(t) are incompatible with the neutral theory is fallacious. In the present paper I will present a procedure for correcting estimates of R( t) for lineage effects that is applicable to the case of three species. The method will be used to reexamine the sequence data for 20 loci from three orders of mammals, data that were recently published by Li et al. ( 1987) . The main qualitative conclusion is that lineage effects are relatively unimportant for replacement substitutions, having only a small effect on the estimation of R(t), but contribute substantially to the estimates of R(t) for silent sites.
Correcting for Lineage Effects
The approach that will be used adjusts the number of substitutions that are observed on each lineage with a weighting factor that reflects our best guess about the magnitude of the lineage effects. The most obvious weighting factor is one that makes the mean number of substitutions on each lineage the same. However, other weighting factors may also be used. The only technical problem is to discover the effects of this weighting on the estimation of R( t) and to adjust the estimate accordingly.
Let Ni, i = 1, 2, 3, be the number of substitutions at a particular locus on the ith lineage. The Ni cannot be known exactly. Rather, they are obtained by first correcting the number of nucleotide differences between pairs of sequences for multiple 638 Gillespie substitutions and then solving a set of three linear equations. Let Do be the corrected number of nucleotide differences between species i and j. The Ni are then given by
The Ni are viewed as random variables sampled from, in general, three different probability distributions. The moments of Ni will be written E(Ni} = WipL; Var{Ni} = Wio2.
(2)
The weighting factor wi is the lineage effect that will be shared by all of the loci on a particular lineage. The wi will be constrained such that
This will lead to an adjustment in the mean number of substitutions per lineage that does not alter the average rate of evolution for the locus. u. and cr2 are, respectively, the locus-specific contributions to the mean and the variance in the number of substitutions. R(t), divorced of lineage effects, may now be written as Var( Ni)
Thus, the statistical model dictated by equations ( 2) is one in which p and o2 will depend on the lineage but in which their ratio, R(t), will not. The lineage effects may be removed from the data by dividing the number of substitutions on the ith lineage by the weight Wi. After this is done, the mean number of substitutions for a particular locus will be estimated by
The expected value of this estimator is just when equations (2) and ( 3) are used. Thus A4 is an unbiased estimator of CL. The variance may be estimated by s2 = $i l,wi)-'(Jj $ (NIWi)"-MI).
The bracketed term on the right is the usual estimator for a variance, but it is one that is biased in our setting. The coefficient of this term was chosen such that this estimator becomes unbiased. That is,
Finally, an estimator for R(t) is s2 R=s.
Unlike the other two estimators, this one is biased. The extent of the bias is difficult to determine in general. Some simulation results will be presented below to show that the bias is not large in the data set to which this procedure will be applied. We will take the view that the determination of the weights, wi, is extrinsic to the problem of estimating R(t) for a particular locus. In other words, the wi will be viewed as known constants. In practice, they may be obtained from an average over a large number of loci or by some theoretical argument based on generation times or some other property of the creatures under study. Note that for this approach to be valid the contribution of a particular locus to the determination of the weights must be small. Otherwise the estimators (5) and (6) would be seriously biased.
This statistical procedure will be applied to the data of Li et al. ( 1987) . The D, for silent and replacement substitutions at 20 loci from three orders of mammals (primates, rodents, and artiodactyls), obtained by applying the correction algorithm of Li et al. ( 1985) to the raw sequence data, are listed in their table 1. It is a simple matter to use equations ( 1) to calculate the Ni from this table. A problem occurs with endozepine in that one of the Ni for replacement substitutions is negative. Since the locus is far from saturation, this presumably reflects some error in the reporting of the data. For this reason endozepine will not be used in the analysis that follows. Care must be taken to account for the fact that the data in Li et al.'s table 1 is presented as the number of substitutions/ 100 sites. Thus, the numbers that are obtained directly from this table must be multiplied by L/ 100, where L is the number of replacement or silent sites as given in column 2 of their table 1.
It should be kept in mind that the Ni are viewed as known with certainty. In other words, any variability that is introduced by the application of the correction algorithm will be ignored. Since replacement sites are far from saturation, this will not introduce any significant error into the analysis. Computer simulations will be given to justify this. The silent sites, however, are closer to saturation, so corrections for multiple substitutions will have an appreciable effect on the estimation procedure. The extent of this effect will be documented by simulation.
Replacement Substitutions
We will explore three different classes of weighting factors: equal weights, replacement weights, and silent weights. The details of these various weights will be presented in turn. The notation that will be used writes w, as the weight for artiodactyls, w, as that for rodents, and wP as that for primates. 
Equal Weights
The equal weight case assumes that there are no lineage effects. This corresponds to the typical star phylogeny assumption that is commonly employed in the analysis of the orders of mammals.
In this case we use w,= l.OO;w,= l.OO;w,= 1.00.
The R(t) in this case will be called R,(t) and is given in column 2 of table 1. The range of values of R,( t) is from 0.01 to 32.22, with an average of 8.26. This average is somewhat higher than that seen in previous studies.
Replacement Weights
For this case the weights are chosen such that each lineage will have the same mean number of replacement substitutions. This is accomplished by using the average number of replacement substitutions/ 100 replacement sites to calculate the weighting factors. The mean number of replacement substitutions in the primate, rodent, and artiodactyl lineages is 5.50, 8.42, and 5.83, respectively, leading to the weights Wp = 0.836; Wr = 1.279; Wa = 0.885 .
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When these weights are used, the R(t) for replacement weights, which is denoted as R,(t), is as shown in column 3 of table 1. This adjustment for lineage effects did, in fact, lower the average value of R( t), but only from 8.26 to 6.95. Thus, the average value of R(t) remains high, even when lineage effects are accounted for. Note that the weights reflect the fact that the rodent lineage experiences a larger number of substitutions than do the primate or artiodactyl lineages. Whether this is due to a higher rate of substitution, perhaps because of a shorter generation time, or to a longer lineage cannot be determined by these data alone.
Silent Weights
For various a priori reasons, one could argue that the rate of silent substitutions will be much less variable than that of replacement substitutions and therefore preferable for adjusting the analysis for lineage effects. In effect, one could feel that the molecular clock for silent substitutions is more dependable than that for replacement substitutions.
For silent sites, the average number of substitutions/ 100 silent sites is 19.75 substitutions for primates, 50.77 for rodents, and 24.05 for artiodactyls. These yield the following weights:
wi, = 0.627; w, = 1.6 11; w, = 0.762 .
When these weights are applied to the replacement data, the results are as given in column 4 in table 1. The average R(t) for silent weights, which is denoted by R,(t), turns out to be 8.67 in this case, quite similar to the case for equal weights.
The estimator of R( t) given by equation (9) is biased, although the extent of the bias does not appear to be bothersome.
To illustrate this point, a simulation was performed of a simple model of evolution with parameters that match the average properties of the data. The model is the Jukes-Cantor model (Jukes and Cantor 1969) ) which assumes that a base is equally likely to mutate to one of the other three bases when it does mutate. The simulation was of a sequence composed of 457 bases, the average for the replacement data in table 1, with a grand average of 28.8 substitutions per lineage, again as in the table 1 data. The mean number of substitutions per lineage varied as dictated by the weights given in equations ( 11). The simulation begins each replicate by assigning a negative-binomially distributed number of substitutions to each of three lineages with the appropriate mean and R ( t) . (The negative binomial distribution was chosen solely for convenience.)
The bases that are to experience the substitutions are chosen at random in each lineage and are changed to one of the other three bases with equal probability.
This process generates the equivalent of the data as it is analyzed in this study. The three lineages are then compared, the Jukes-Cantor correction formula for multiple substitutions is applied, and the value of R(t) is calculated exactly as described in the present paper. This experiment is repeated 10,000 times for each value of R(t), and the averages of the estimated values of R(t) are recorded. The averages of these estimates are plotted against the true values of R(t) in figure 1. As is apparent, the procedure underestimates R(t) by -10%. Figure 1 indicates that the average unbiased estimate of R( t) for these data would be -7.75.
It is also possible to give some measure of the significance of the departures of individual estimates of R( t) by using a computer simulation.
In this case a simulation was performed in which the number of substitutions per lineage was Poisson distributed [R(t) = 11. In all other regards the simulation was exactly the same as the one used to assess the bias. One million replicates were used to estimate the critical values for 1 3 5 7 9 11
True R(t)
FIG . 1 . -Results of a simulation of the estimation procedure described in the present paper. The graph illustrates the bias in the estimator for R(t) for replacement substitutions when replacement weights described in the text are used. The dashed line represents the ideal for an unbiased estimator. rejection of the null hypothesis that the substitutions form a Poisson process. These critical values turned out to be 3.20 for the 5% critical value and 4.90 for the 1% critical value. These should be compared to those obtained under the assumption that 2R ( t) will be x2 distributed with 2 degrees of freedom (df) as claimed by Kimura ( 1983) . In this case the corresponding critical values are 3.00 and 5.67. Examination of table 1 indicates that 12 (60%) of 20 loci exhibit significant departure from the Poisson model at the 5% level and that 7 (35%) of 20 are significant at the 1% level. This is a remarkably high percentage when one considers that the significance is based, in each case, on only three observations.
It must be emphasized that these simulations do not match the model of molecular evolution that forms the basis of the estimation algorithm devised by Li et al. ( 1985 ) . The complexity of their algorithm makes a large-scale simulation that requires millions of replicates impractical. However, it is easy to see that the error introduced by the corrections is small relative to the error in the estimation of R( t) itself. In the simulation of the R(t) = 1 case, the standard deviation (SD) of the estimate of R (t) was 1.05or approximately equal to R( t)-while the various biases, including that due to the correction for multiple substitutions, only altered the average of the estimates by -10%. This 10% includes the downward bias introduced by equation (9), as well as an upward bias due to the application of the correction formula. To look slightly deeper into this, two more simulations were run. In the first, I assumed both that R(t) = 7.75 (to match the replacement estimation) and an investigator with perfect knowledge; that is, the D, values in the simulation were exact, with no intervening correction formula. In this case, the average R(t) from 20,000 replicates was 6.87, -12% less than the true value. This bias is due solely to the fact that the expectation of the ratio, equation (9), does not equal the ratio of the expectation. Rather, the positive covariance of the numerator and denominator tends to give the negative bias. The SD of R( t) was 6.65, so the bias is -13% of the error of the estimate.
For the second simulation the Jukes-Cantor model was used, and the correction formula became, once again, part of the simulation. In this case, the average R(t) was 7.04, the jump from 6.87 to 7.04 being due to the effects of the correction. This is clearly a minor effect. It is assumed that any other correction formula would yield a similarly small effect for these data.
This is probably as well as can be done at the present time. No correction algorithm can be accurate unless the underlying model of molecular evolution is correct. The obvious complexities of molecular evolution, including the variability of rates and the nonstationarity of base composition, suggest that the discovery of an adequate statistical model of molecular evolution will remain an elusive goal. I have discussed elsewhere (Gillespie 19868 ) the various arguments for distrusting all of the existing correction models.
Silent Substitutions
The situation for silent substitutions, which are closer to saturation, is much less certain because inflation in the estimation of R( t) comes from correcting for multiple substitutions. This problem was pointed out to me by Michael Bulmer (personal communication) after he read an earlier version of the present paper that failed to take this bias into account. Approximately 46% of the silent sites are different between species for this data set; thus, the inflation of R( t) may be assumed to be substantial. Here I will present some simulations to show the extent of the bias. Bulmer has a manuscript in preparation that will provide a mathematical description of the bias. However, before a scrutiny of the bias, the data will be analyzed as was done for replacement substitutions.
For equal weights, the estimated values of R,( t) are given in column 5 of table 1. They range from 1.0 to 57.45, with an average value of 14.41. When the silent weights in equations ( 12) are used, the range of values of R,( t) becomes 0.25 to 17.19, with the average value reduced to 4.64. Thus, lineage effects are a major contributor to the variation in the rate of evolution of silent sites, unlike the case for replacement sites.
Elsewhere (Gillespie 1986 c) I have noted that the evolution of silent and replacement sites appears to be uncoupled; that is, there is no correlation between the values of R( t) for silent and replacement sites across loci. Were the changes in rates of evolution due to locus-specific differences in mutation rates, then these should alter the rates of evolution of both silent and replacement sites within loci. Figure 2 shows that, for these data, there is also no significant correlation between the values of R(t) for silent and replacement sites ( r2 = .228). However, it is worth noting that growth hormone does show a striking acceleration in the rate of evolution for both silent and replacement sites in the artiodactyl lineage. In figure 2 , this is the extreme point in the upper-right quadrant.
To assess the bias in the estimation of R(t) for silent substitutions, the same simulation was performed as for replacement substitutions, but by using a sequence of 13 1 bases, an average of 40.0 substitutions per lineage, and the neutral weights in equations ( 12). These match the averages of the data. The results are presented in figure 1 Replacement R(t) FIG. 2. -Relationship between the index of dispersion for silent and replacement sites within a locus value of R(t) should be -3.3, as judged from figure 1. To appreciate the statistical significance of these results, the special case of R( t) = 1 was simulated 1 million times and the critical values for R ( t ) were recorded. For the average sequence, the 5% critical value of R(t) is 7.50 and the 1% critical value is 12.15. By this criterion, five (25%) of the 20 loci examined in table 1 show a significant departure, from a Poisson process, at the 5% level, and two ( 10%) of 20 show a significant departure, from a Poisson process, at the 1% level. Thus, the silent substitutions appear to exhibit an R(t) that, although still higher than the Poisson expectation, is approximately half that exhibited on the basis of the replacement substitutions. The same pair of simulations was performed as in the replacement case, to further characterize the sources of bias in these estimates. The value of R(t) used in these simulations was 3.3. For the no-correction simulation, the average estimated value of R(t) was 2.88, -15% lower than the true value. This is similar to the replacement result. When the Jukes-Cantor correction is added, the average estimated value of R(t) is elevated to 4.60. Although the final bias is w-40%, the component of this bias that is due to the correction is -60% (i.e., the increase from 2.88 to 4.60). This bias is large enough to erode our confidence in the precision of the numerical estimate of R(t) for silent substitutions, although it does not suggest that the qualitative conclusion that R(t) for silent sites is significantly larger than one is without merit.
Discussion
The most important result of the present paper is, of course, that lineage effects are present but are not sufficient to account for the high R(t) of molecular evolution. For replacement substitutions, lineage effects make a relatively small contribution to the estimate of R(t). When they and the estimation biases are accounted for, the Lineage Effects and R(t) 645 average value of R ( t ) is -7.75.
In the most recent summary of estimates of R( t) (Gillespie 1986b) , the average value of the replacement R(t) for 16 loci was 6.5. Thus, the old rule of thumb that the variance in the number of substitutions is approximately 2.5 times the mean appears to be in need of revision. Our best guess now is that it is approximately seven times as large as the mean. From a mechanistic point of view, this makes the neutral allele theory, which predicts that R(t) should be close to one, a most implausible theory to account for the evolution of proteins. Large values of R(t) suggest that molecular evolution may be episodic, with periods of very rapid evolution separated by long periods of relative quiescence (Gillespie 1986a) . For the two-state molecular clock described in that paper, the mean number of substitutions per episode of rapid evolution is given by [R (t) -1 ] /2, and the mean number of episodes per lineage is given by 2M/ (R ( t ) -1) , where A4 is the mean number of substitutions per lineage. For Li et al.'s data, on average, I infer that there will be (7.75 -1)/2 = 3.375 substitutions/episode and 2( 28.8)/( 7.75 -1) = 8.53 episodes/lineage. Two mechanisms for the episodes have been suggested; the first involves excursions through the "mutational landscape" (Gillespie 1984) ) and the second involves "allelic constrictions,"
i.e., the fixation of mutations that had previously been held in the population by balancing selection (Gillespie, accepted) . Note that both of these mechanisms depend on the action of natural selection. The lineage effects for silent sites are more pronounced, the average number of substitutions per silent site in the rodent lineage being approximately 2.3 times that of the average of the artiodactyl and primate lineages. Two hypotheses are commonly employed to account for this difference. Li et al. ( 1987) favor the hypothesis that the phylogeny is closely approximated by a star phylogeny, so that the differences are due mainly to differences in the rates of evolution. If silent substitutions are neutral, then the increased rate may well be due to the shorter generation time of rodents. In further support of this view, they give a number of additional rate comparisons from within the rodents and primates, all supporting their claim of a generation-time effect for silent substitutions.
The other possibility is that the rates of evolution are the same but that the rodent lineage branched off the lineage leading to primates and artiodactyls considerably before the primate-artiodactyl split. This is the hypothesis favored by Easteal ( 1988) . If the primate-artiodactyl split occurred 75 Myr ago (Mya), then the rodent lineage would have to have split off from the primate-artiodactyl lineage -172 Mya. Easteal claims that there is no compelling evidence from the fossil record to rule this out, even though this is not the conventional interpretation of the fossil record. This issue is far from settled, although one cannot help but be impressed with the amount of data that Li's group can marshal in support of the generation-time effect for silent substitutions.
However, even with the lineage effects accounted for, the index of dispersion for silent sites is still significantly larger than one, although much smaller than I had suggested in a paper [Gillespie ( 1986 c) ] that did not correct for lineage effects. In that paper, I concluded that R ( t ) was similar for silent and replacement substitutions. With the additional data and the corrections for lineage effects in hand, it now appears that my earlier view was incorrect and that replacement substitutions exhibit an average value for R(t) that is at least twice as large as that for silent sites. Given the uncertainties of correcting for multiple substitutions for the silent sites in our data, a conservative interpretation of the analysis might be that, for silent substitutions, there is currently no compelling evidence that R(t) is greater than one. What is required at this point is an analysis of a group of three species of mammals that are separated by -30 Myr. 646 Gillespie If we were to accept for the moment that there is a generation-time effect for silent sites, then the question before us is, What model of molecular evolution is compatible with (a) replacement substitutions exhibiting a large R(t) and almost no generation-time effect and (b) silent substitutions exhibiting a much smaller R( t) with a pronounced generation-time effect? A natural place to look is Ohta's ( 1972) theory of molecular evolution by mildly deleterious alleles. She developed this theory to account for the early observation that data from DNA hybridization studies (presumably noncoding-and thus like silent substitutions) tend to show a generation-time effect while data based on protein sequence data do not. By assuming that silent substitutions are "purely neutral," that replacement substitutions are mildly deleterious, and that the population size is inversely proportional to the generation time, she was able to show that the silent substitutions will exhibit a generation-time effect and that replacement substitutions will not. However, her theory does not predict the large value of R( t) for replacement substitutions, even when the population size is allowed to fluctuate (Gillespie 1988) . Moreover, the assumed inverse correlation between the population size and the generation time does not appear to be supported by available data ( Nei and Graur 1984) .
The most obvious explanation is that replacement substitutions are mostly selected, while silent substitutions are mostly neutral. Selection tends to elevate R(t), while under neutrality R(t) = 1. [The presence of selected sites will not alter the fact that neutral sites will exhibit R(t) w 1 (Gillespie 1984; Birky and Walsh 1988) .] The contrast in the statistical properties of silent and replacement substitutions strongly supports the idea that different mechanisms of evolution are involved in the two classes, and this is certainly the most parsimonious pair of mechanisms. Strict neutrality is not required. All that is needed is a model of silent-site evolution for which the average rate of substitution is proportional to the mutation rate and for which R(t) is small. Mildly deleterious models share this property (if population size and generation time are not strongly correlated) with the strictly neutral model. However, this is far from a settled issue. That replacement substitutions are selected seems almost inescapable.
However, there is the nagging problem that with currently available data the average value of R(t) for silent sites is still higher than predicted under neutrality.
This problem may disappear with better data, but it may not. The issue is further clouded by the fact that the model of molecular evolution by natural selection, a model that I describe in a forthcoming paper (Gillespie, accepted) , has two dynamic modes. One mode, due to "allelic constrictions" or excursions through the mutational landscape, predicts high R( t)'s and no generation-time effect; the other, due to the "allelic exchange process," predicts low R( t)'s and a pronounced generationtime effect. While the model would appear to provide a consistent explanation for the data, it suffers from the lack of a biologically compelling argument placing replacement substitutions into the first mode and silent substitutions into the second. The statistical analysis presented here is in sharp contrast to that reported by Easteal ( 1988) . He claims that adjustments for lineage effects remove all of the variation in evolutionary rates. It is difficult to pin down all of the factors that lead to this discrepancy, although three stand out. The first is that Easteal used only relative-rate tests to assess the variability in rates. Thus, he sought variability with tests that only examine species two at a time. This represents a significant loss of power over my tests, which examine species three at a time. Second, rather than testing the entire coding region as a unit, Easteal subdivided each globin locus into its three exons and tested each exon separately. This also leads to a loss of power. The third factor is that Easteal used many fewer loci than were used in my study. This will also lead to a reduction in power, for a somewhat more subtle reason. Consider the case of a study that uses only a single locus. In this case a correction for lineage effects will necessarily remove all of the variation in rates. As more loci are added to a study, this initial bias toward constant rates will disappear. The magnitude of this particular effect is unclear, but the three factors together could easily account for Easteal's failure to identify variation in rates of molecular evolution.
